SUMMARY: Otolith trace elements were used as natural tags to study the dispersal patterns of goby larvae in an estuary. Ninety-six larval gobies representing 10 species were collected in the estuary of Gongshytyan Creek in northwestern Taiwan in September 1997. Fifteen trace elements in fish otoliths were analysed with solution-based ICPMS. Trace elemental composition in otoliths differed significantly among the species. Habitat use by the larvae of the 10 species can be divided into four groups, based on principal component analysis of otolith elemental composition. All 10 goby species used the estuary as a nursery area irrespective of the fish being amphidromous or non-amphidromous. A part of the population may be lost during larval dispersal, as indicated from trace elemental composition recorded in the otolith.
INTRODUCTION
Gobies are among the most numerous species of estuarine fish. They represent approximately 10% of the total number of teleosts in the world (Nelson, 1994) . As a consequence of physiological adaptations they have colonised nearly all marine and fresh waters. More than 190 species of gobies have been recorded in Taiwan, some of them widely distributed in estuarine environments. Wootton (1984) defined the reproductive strategy of the goby as the overall pattern of reproduction typically shown by individuals in a species, and found that the reproductive tactics of the fish varied in response to variation in the environment. Gobies may be amphidromous or non-amphidromous according to their migratory behaviour and adult residential habitat. Amphidromous species spawn in freshwater, and SCIENTIA MARINA 70S2 October 2006, 165-174, Barcelona (Spain) ISSN: Individual-based dispersal patterns of larval gobies in an estuary as indicated by otolith elemental fingerprints MEI-YU CHANG 1 , CHIA-HUI WANG 2 , CHEN-FENG YOU 3 and WANN-NIAN TZENG the free embryos drift downstream to the sea where they undergo a planktonic larval stage and metamorphose into juveniles before returning to the rivers for growth and reproduction (McDowell, 1988 (McDowell, , 1997 . Non-amphidromous gobies do not migrate between freshwater and seawater but live in freshwater, estuaries or seawater throughout their life history. Estuaries may be important nursery grounds for larval gobies during their dispersal from spawning grounds. However, the dispersal manner and early life history of most goby species is not clear (Dotu and Mito, 1953; Dotu, 1955 Dotu, , 1961 Ryan, 1991; Katoh and Nishida, 1994; Shen, 1997; Shen et al., 1998) . Thus, dispersal patterns of larval gobies are largely inferred from what is known of adults. Determination of microhabitat use by larval gobies is very important for fishery management and conservation, particularly in estuaries which are susceptible to pollution. Use of the conventional mark-recapture method to track the migratory route of fish larvae across different environments is difficult, especially with external tags. Therefore, elemental composition in otoliths of fish has been widely used as a natural tag to study migration between environments (Radtke and Shepherd, 1991; Coutant and Chen, 1993; Dove and Kingsford, 1998; Wells et al., 2000) . Otoliths can also be used to determine the age of larvae in days (Pannella, 1971) . Thus, the chronology of the migratory environmental history of the fish can be reconstructed (Campana, 1999) .
Otoliths are three pairs of aragonite crystal structures located in the inner ear of teleost fishes which function in balance and hearing. They are mainly composed of CaCO 3 with a minor organic substrate. At least 31 trace elements have been found in otoliths (Campana, 1999) . Otolith trace elements can be used as natural tags to track past migratory environmental history because the quality and quantity of the various elements in the otolith reflect the water mass chemistry the fish has experienced (Fowler et al., 1995; Gallahar and Kingsford, 1996) . Therefore, otolith trace elements have been widely used to investigate stock affinity, habitat use, migratory life history, and connectivity among meta-populations Gillanders and Kingsford, 1996; Kennedy et al., 1997 Kennedy et al., , 2000 Kennedy et al., , 2002 Morris et al., 2003; Wells et al., 2003) . Trace elemental composition in otoliths can also be used to model larval dispersal from oceanographic features, to map phenotypic characters, and to locate and enumerate discrete spawning areas (Gillanders, 2002; Gillanders and Kingsford, 1996) . There is evidence that elements such as Ca, Sr, and Mg show environmental profiles (reflecting salinity) (Tzeng, 1996; Bath et al., 2000; Milton and Chenery, 2001; Elsdon and Gillanders, 2003) , while others such as Ba, Zn, and Cd show salinity and nutrient-type profiles (Bruland, 1983; Pender and Griffin, 1996; Bath et al., 2000; Alibert et al., 2003; Wells et al., 2003; Gillanders, 2003, 2005) . However, Kraus and Secor (2004) suggested that the otolith Sr:Ca ratio is determined by ambient water, and independent of salinity. Hg and Pb are generally associated with anthropogenic activity (Geffen et al., 1998) . Trace elements in the otolith are thought to be taken up from the ambient water that fish have experienced, and then incorporated into the otolith through a complicated biogeochemical process with three interfaces, i.e. water-gill, blood-endolymph, and endolymph-crystal (Campana, 1999) . A direct relationship between otolith composition and ambient water chemistry has been validated; however, the proportion of ion transport across membranes is under osmoregulatory control and is species-specific.
The purpose of this study was to distinguish the dispersal patterns of larval gobies in a Taiwanese estuary by otolith elemental fingerprinting with a high resolution solution-based inductively-coupled plasma mass spectrometer (ICPMS) to determine whether the microhabitat used by the larval gobies in the estuary differed among individuals and species. The larval dispersal process of gobies in the estuary is also addressed.
MATERIALS AND METHODS

Sample collection
Gobies were collected in the estuary of Gongshytyan Creek in northwestern Taiwan by fyke net during flood tide in September 1997 (Fig. 1) . The net was set at the entrance to the estuary, facing the sea to catch the larval fishes that drift with the tidal current. Larval gobies were sorted from the larval fish collected by the net and immediately fixed with 95% alcohol. The gobies were identified to species and the 10 dominant species were selected for otolith trace elemental analysis. Total lengths were measured. Based on adult migratory behav-iour, the 10 species of larval gobies were classified as (1) 
SB-ICPMS analysis
Sagittal otoliths of the larval gobies were extracted with glass probes under a microscope. All the otoliths were removed about one or two weeks before the ICPMS analysis. After removing adhering organic tissue by washing in double deionised (D.D.) water, one of the paired sagittal otoliths was stored in a vial; the other was prepared for solutionbased inductively coupled plasma mass spectrometry (ICPMS) analysis. Cleaned otoliths were soaked with H 2 O 2 in the vials using supersonic wave vibration for 5 minutes to wash out organic tissues, and triple-rinsed with D.D. water. Otoliths were dried overnight in an oven, and then weighed to the nearest 0.01 mg. Two ml of 0.3N HNO 3 was added to the vial using supersonic wave vibration for 5 minutes to dissolve the otolith; the vial was then weighed to 0.01 g and subjected to supersonic wave vibration for at least 2 hours to ensure complete mixing. To meet the requirements of ICPMS, the otolith-dissolved solution was diluted to nearly 4 ppm of Ca concentration.
Concentrations of 15 elements (Li, Mg, Ca, Sr, Sc, Ba, Pb, Na, Mn, Fe, Ni, Cu, Zn, Y, and K) were measurable by ICPMS. These elements were chosen because they can be detected steadily (exceeding detecting limit). Na and K were included in the analysis, because the interpretation of these metal elements may be compromised by metabolic activity. Concentrations of each element were calculated by running a standard solution prepared with known concentrations. An internal standard was also analysed after every 10 samples as a check against drift in intensity.
Data analysis
Raw ICPMS data on elements were back-calculated with total dilution factors to obtain absolute concentrations for each of the elements. Absolute concentrations were converted to weight percentage of the otolith to rank the relative abundance of ele- ments in the otolith. The ratio of each element to Ca in weight was used for statistical analysis. For each element, one-way ANOVA was used to test differences in concentration ratios among 10 goby species. All data were log-transformed to fit the normal distribution, and the relative contribution of the elements to the discrimination of different goby migratory types was evaluated by principal component analysis (PCA).
RESULTS
Elemental composition in goby otoliths
Calcium was the dominant component among the 15 elements measured in goby otoliths, but the weight percentage of calcium in otoliths differed among goby species (Tables 1, 2 ). The lowest percentage of calcium in otoliths occurred in G. biocellatus. The proportion of the other 14 detectable elements also varied among species. Mean percentages of the 14 trace elements by weight in otoliths of the 10 species of larval gobies are presented in descending order (Fig. 2) .
Difference in element/Ca ratios among species
One-way ANOVA indicated that among the 14 detectable elements, six element / Ca ratios (Mg/Ca, K/Ca, Fe/Ca, Ni/Ca, Zn/Ca, and Sr/Ca) were significantly different among the 10 species (Table 3) . The difference in mean (±95%) element/Ca concentration ratios among the 10 species is shown in Figure  3 . Two of the amphidromous gobies, R. giurinus and S. japonicus, were distinct from others because of (Fig. 3) . Similarly, Ni and Sr were higher in T. cirratus. This indicates that the difference in element / Ca ratios in otoliths is speciesspecific. Table 2 for species abbreviations.
chemistry, which accounted for 87.5% of the total catch (G1 in Fig. 4A and Table 4 ). This implies that these 10 species used the same nursery area in the estuary. However, 10 individual R. giurrinus were distributed among the four groups, B. fuscus distributed from G1 to G2 and G3, R. brunneus from G1 to G3 and E. acanthopoma, E. melanosoma, and G. biocellatus from G1 to G2 (Table 4 , Fig. 4A ). The relative contribution of the element/Ca ratio to the grouping was different among groups (Fig. 4B) . Na, Ba, Li, Sr, Pb, and Mn in PCA Factor one and Zn, Mg, and K in Factor two were the main contributors to the groupings. The cumulative contribution of the first two factors in the grouping accounted for 64.74% (Fig. 4B) . Similarly, differences in habitat use of the individuals of the 4 amphidromous species (Fig. 5) and those of the 5 non-amphidromous species (Fig. 6) were also analysed using PCA. Results of these two new analyses also indicated that some individuals of these species have different habitat use, e.g. R. giurnus and R. brunneus were separated from the other two amphidromous species (Fig. 5) , and the cumulative contribution of the first two factors in the grouping accounted for 69.39%. Some individuals of E. acanthopoma could be distinguished from the other four non-amphidromous estuarine species of larval gobies by Na, Ba, Pb, Mn, and Sr in the first PCA axis (Fig. 6) . The cumulative contribution of the first two factors of PCA in the grouping accounted for 65.84%. This indicates that some individual goby larvae, even if classified according to the migratory pattern of the adult, emigrated from the main habitat of the fish.
DISCUSSION
A total of 31 elements have been detected in fish otoliths (Campana, 1999) . The incorporation of elements into otoliths is physiologically and environmentally regulated. Water mass chemistry, temperature and growth rate of the fish are all thought to influence otolith elemental composition (Fowler et al., 1995; Farrel and Campana, 1996; Dove, 1997; Geffen et al., 1998; Campana, 1999; Bath et al., 2000; Milton and Chenery, 2001; Elsdon and Gillanders, 2005) . Fifteen elements including the major elements Ca and Na, the minor element Sr, and 12 trace elements were detected in goby otoliths in this study. Among them, 6 (Mg, K, Fe, Ni, Zn, and Sr) were found to be significantly different among species. These elements are those that are mostly likely to serve as environmentally influenced stock markers. The elements in fish otoliths may be uptaken from water or from diets of different mineral composition (Hoff and Fuiman, 1995; Farrell and Campana, 1996; Milton and Chenery, 2001) , which means that the environment that the fish inhabited is different. Elemental composition of otoliths has not only been used for stock identification, but also to reconstruct the habitat utilised in recent years (Gillanders and Kingsford, 1996; Campana, 1999; Thorrold et al., 2001) . Type, abundance, and combination of elements can potentially be used to discriminate among groups of fish of different origins, as well as the water bodies they have inhabited (Elsdon and Gillanders, 2003) . The signatures have been used to reconstruct environmental histories and migratory patterns of fish (Kafemann et al., 2000; Secor and Rooker, 2000; Tsukamoto and Arai, 2001 T.c.
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can tell us their past environmental history. The difference in otolith elemental composition of the goby is individual-and species-specific (Table 4) , suggesting the dispersal pattern of the larvae toward the estuary varies, at least for some portion of the population. The higher concentrations of Mg and Fe in the otoliths of two non-amphidromous species might relate to level of primary production (Fig. 3) , which is generally higher in the estuary. Sr, K, and Mg may also relate to salinity (Macintyre, 1970; Tzeng, 1996; Kawakami et al., 1998; Secor and Rooker, 2000) . Ni and Zn may relate to anthropogenic effects. Hence otolith elemental fingerprints can provide insights into habitat use and dispersal pathways of larval gobies in the estuary. The 14 element/Ca ratios in the otoliths of larval gobies cannot discriminate the migratory pattern of adult gobies, which are also divided into amphidromous and non-amphidromous (Table 1) . This implies that the habitat use of the larvae is different from that of the adult, and that the same nursery area is used irrespective of species. It was also found that some individuals of some species dispersed away from the common habitat. Larval gobies passively move with the current from the spawning area to the nursery area (Jones, 1968) . As indicated by the PCA grouping in Figs. 4-6, some vagrant individuals might have drifted away from the population's normal migratory circuit (see the vagrant-member hypothesis; Sinclair, 1998) . Otolith fingerprints of the vagrant larvae may tell us their place of origin in comparison with most members of the population. However, we do not know what percentage of the larvae (vagrants) will be lost from the population.
The trace elements in the goby's otoliths, such as Fe, Zn, and Ni, were quite low in concentration, but these elements played an important role in discerning the migratory environmental history of larval gobies. The incorporation of trace elements into the otolith is a very complicated biogeochemical process. There are few studies that have validated the effect of the environment on the elemental composition of fish otoliths. Concentrations of Sr and Ba in otoliths were found to be affected by concentrations of these elements in ambient water (Snyder et al., 1992; Brown and Harris, 1995; Schroder et al., 1995; Farrell and Campana, 1996; Bath et al., 2000; Elsdon and Gillanders, 2003) . The concentration of Mn in fish otoliths may relate to physiological regulation or ontogenetic effects rather than to the abiotic environment (Elsdon and Gillanders, 2003) .
According to previous studies and our results, the difference of elemental composition in otoliths of different species may be due to the different microhabitat use of gobies during the larval stage. Excluding G1, there were three groups of larval gobies which had experienced different ambient environments. These dispersed individuals might tell us that they left the original habitat and stayed at the edge of the population in the upper estuary, which was more affected by freshwater according to the results of PCA (Fig.4b) . However, estuaries are mixing environments where water temperature, salinity and pH may vary in the course of a day. The habitat use of these larval gobies might be distinct because of different adaptations.
In conclusion, although most of the larval gobies used the estuary as a nursery area, otolith elemental fingerprints indicated that these sympatric gobies might have refined microhabitat use, which is not species-specific but fits with the vagrant-member hypothesis. In other words, the otolith elemental composition of the larvae indicated that most larvae have come from a similar environment, whereas a few larvae had otolith chemistries that were sufficiently different to suggest that they had developed elsewhere from the rest. The otolith elemental fingerprint is a powerful tool for classifying dispersal patterns of larval gobies. Further research will study the detailed early life history of gobies in order to interpret why otolith elemental composition differs among species.
